The genetic basis of a host's resistance to parasites has important epidemiological and evolutionary consequences. Understanding this genetic basis can be complicated by non-genetic factors, such as environmental quality, which may influence the expression of genetic resistance and profoundly alter patterns of disease and the host's response to selection. In particular, understanding the environmental influence on the genetic resistance of mosquitoes to malaria gives valuable knowledge concerning the use of malaria-resistant transgenic mosquitoes as a measure of malaria control. We made a step towards this understanding by challenging eight isofemale lines of the malaria vector Anopheles stephensi with the rodent malaria parasite Plasmodium yoelii yoelii and by feeding the mosquitoes with different concentrations of glucose. The isofemale lines differed in infection loads (the numbers of oocysts), corroborating earlier studies showing a genetic basis of resistance. In contrast, the proportion of infected mosquitoes did not differ among lines, suggesting that the genetic component underlying infection load differs from the genetic component underlying infection rate. In addition, the mean infection load and, in particular, its heritable variation in mosquitoes depended on the concentration of glucose, which suggests that the environment affects the expression and the evolution of the mosquitoes' resistance in nature. We found no evidence of genotype-by-environment interactions, i.e. the lines responded similarly to environmental variation. Overall, these results indicate that environmental variation can significantly reduce the importance of genes in determining the resistance of mosquitoes to malaria infection.
INTRODUCTION
Understanding the genetic basis of a host's resistance to parasites represents a major pursuit for parasitologists, as it determines to a large extent natural patterns of infection (Lively & Apanius 1995) . It is also a fundamental issue for evolutionary biologists, as variation in the genes underlying resistance and influencing the expression of disease enables parasite-mediated selection to occur (Hamilton 1980; Anderson & May 1982; Webster & Davies 2001) . The extent of genetic variation for resistance to parasites thus has important evolutionary and epidemiological consequences (Sorci et al. 1997) . Therefore, even in cases where it is clear that resistance has a genetic underpinning, it is important to understand whether and to what extent the level of resistance can be influenced by non-genetic factors such as the quality of the environment. Indeed, even slight environmental changes can influence differences among individuals and thus modify greatly the outcome of infection (Thomas & Blanford 2003) . This might explain why the genetic component of resistance sometimes fails to predict disease patterns in the field (Scott 1991) or host responses to selection (Henter & Via 1995) . Thus, the influence of the environment on the genetic resistance of hosts has considerable implications for host-parasite coevolution and for epidemiology.
The environment may alter the expression of genetic resistance if the extent of genetic variability of a host's resistance depends on the environmental conditions. Thus, for example, the heritability of many traits is higher in poor than in rich environments (Hoffman & Parson 1991) , which can lead to discrepancies between laboratory and field estimates of heritability (Sorci et al. 1997) . At the extreme, if environmental factors overwhelm the effect of the genotype, resistance alleles can be a poor predictor of disease patterns because an individual's resistance does not reflect the underlying genetic basis. In addition, parasite-mediated selection might be impaired, as natural selection can only occur if the heritable basis of resistance is not swamped by the environmental noise (Little & Ebert 2000) . The environment may also influence the expression of resistance if the phenotype is determined by genotype-by-environment interactions, i.e. if different genotypes respond differently to variation of the environmental conditions (Thomas & Blanford 2003; Mitchell et al. 2005) . This situation implies that natural selection on resistance may lead to different evolutionary results in different environments.
Such ideas are particularly relevant for the resistance of mosquitoes to malaria parasites of the genus Plasmodium, as resistance (an important component of the parasite's basic reproductive number and thus its intensity of transmission) is the focus of current efforts to control malaria with genetically modified mosquitoes that would interrupt the development of Plasmodium parasites and thus block disease transmission (Beaty 2000; Aultman et al. 2001; Alphey et al. 2002) . These efforts are based on the fact that resistance to malaria parasites is at least partly determined by the mosquito's genes, as was first demonstrated by the successful artificial selection of a mosquito strain that is refractory to infection by several malaria parasites (Collins et al. 1986 ) and has been confirmed by, for example, the observation of genetic variation for resistance in a natural West African population of mosquitoes (Niaré et al. 2002) . The recent identification of several mosquito genes that affect the development of Plasmodium in a rodent model of malaria (Blandin et al. 2004; Osta et al. 2004; Michel et al. 2005) , together with advances in the molecular tools that can transform mosquitoes (Coates et al. 1998; Catteruccia et al. 2000) , has considerably raised the hope for the use of genetically manipulated mosquitoes in malaria control. Yet, before genetic manipulation becomes a realistic control method, several challenges need to be overcome (Riehle et al. 2003) . In particular, a laboratory technology has to be transferred into field conditions, which are generally very different from the laboratory conditions in which transgenic mosquitoes are created (Scott et al. 2002) . Indeed, if we choose to neglect social problems such as the acceptability of genetically modified mosquitoes, the efficacy of the control will largely depend on the efficacy of mosquito resistance genes in natural situations (Boëte & Koella 2002) , i.e. the importance of non-genetic factors on resistance. Thus, a critical step in developing genetically manipulated mosquitoes for the control of malaria is to evaluate the environmental influence on the genes conferring resistance to malaria (Tabachnick 2003; Boëte 2005) .
Here, we address this question by measuring the influence of environmental quality on the resistance of different genotypes of mosquitoes to infection by malaria parasites. A first step in this direction was the earlier demonstration that adult nutrition-blood and sugar feeding-influences the melanization response of Anopheles stephensi mosquitoes (Koella & Sorensen 2002) , an immune defence that is determined genetically and that can potentially block the development of Plasmodium in the mosquito (Collins et al. 1986; Gorman et al. 1996) . We extend this study by challenging several genetic backgrounds of the malaria vector A. stephensi with the rodent malaria parasite Plasmodium yoelii yoelii in different environmental conditions. Specifically, we used eight mosquito isofemale lines as different genetic backgrounds of the mosquito, and varied environmental quality by feeding adult mosquitoes with glucose solutions of different concentrations (2, 4 and 6%). Although it is not sure to what extent some African anopheline mosquitoes use sugar in natural situations (Beier 1996; Gary & Foster 2004) , females of most mosquito species are known to use sugar as a necessary source of energy (Clements 1992; Foster 1995) . In A. stephensi mosquitoes, sugar feeding has been shown to affect the virulence of malaria parasites (Ferguson & Read 2002) and the strength of at least one component of the immune response (Koella & Sorensen 2002) . We used a standard analysis of quantitative genetics to assess the effect of the mosquito's genotype (i.e. the isofemale line), the effect of the environment (glucose concentration) and the effect of the genotype-by-environment interaction (interaction between glucose and line) on the mosquito's resistance to malaria infection. Resistance was quantified with the proportion of infected mosquitoes that developed oocysts (infection rate) and with the number of oocysts (infection load) following an infective blood meal. In addition, we measured the influence of glucose concentration on the amount of heritable variation for resistance (estimated by the proportion of phenotypic variation explained by differences among the isofemale lines).
MATERIAL AND METHODS (a) Mosquitoes
We created isofemale lines of the mosquito A. stephensi by maintaining the descendants of single females separately from other families for several generations, each generation being produced by mass mating of 25 individuals of each sex from the previous one. We maintained each line with an equal number (approx. 525) of larvae (randomly chosen after hatching) at each generation. The results presented here correspond to the fourth generation of eight lines. Each generation, females were allowed to blood-feed on a rabbit. Larvae were reared in 30 cm!30 cm plastic trays filled with 3.5 l of tap water at a density of approximately 150 larvae per litre in an insectary with 24 h light. They were fed daily on a mixture of 92% dog biscuits and 8% yeast as food (0.08 mg per larva on day 0; 0.12 mg per larva on day 1; 0.16 mg per larva on day 2; 0.24 mg per larva on day 3; 0.32 mg per larva on day 4; 0.4 mg per larva on day 5; 0.48 mg per larva on day 6; 0.56 mg per larva on day 7; 0.64 mg per larva on day 8; 0.72 mg per larva on day 9; 0.8 mg per larva on the following days). In the fourth generation, adults that emerged 14 or 15 days after hatching were randomly placed into three groups, and each group was given access to cotton soaked with 2, 4 or 6% glucose solutions. Glucose solutions were changed every 2 days. Adult mosquitoes were kept in rearing cages according to the line and the glucose concentration in conditions of 12 light : 12 dark cycle, 23G1 8C and 80G5% humidity. Infections took place when mosquitoes were 4-5 days old.
(b) Infections Plasmodium yoelii yoelii (strain 17X, clone 1.1) was used to infect four-to six-week-old female Swiss IOPS OF 1 mice (Charles Rivers). In order to increase the number of reticulocytes, a volume of phenylhydrazine (Sigma) equivalent to 100 mg kg K1 was injected intraperitoneally into each mouse. Three days later, mice were inoculated with 10 1000 (Virbac) in NaCl 0.9% (Cooper). Four different mice were used in total, and each mouse was used to feed two of the eight lines. Mosquitoes were deprived of glucose for 8-10 h before blood feeding. They were immobilized in a cold chamber at 8 8C and transferred to small plastic tubes according to line and glucose concentration just before the feed. Tubes were placed randomly two by two below a mouse, and mosquitoes were allowed to take a blood meal for 20 min. After the feed, unfed and partially fed mosquitoes were discarded, and 25 fully fed mosquitoes of each line and glucose combination were returned to their rearing cages and supplied with glucose solution according to the initial treatment. Dead mosquitoes were counted daily from the blood meal to the eighth day after the blood meal. For each line and glucose combination, twenty-five 4-5 days old mosquitoes were also fed on an uninfected blood source as controls, and their mortality was monitored daily. Most of the results presented here correspond to control mosquitoes blood-fed on a rabbit, but we ensured that there was no qualitative difference by using an uninfected mouse. Eight days after the infective blood meal, 10 mosquitoes of each line and glucose combination were randomly collected and dissected. Their midguts were observed microscopically in 0.9% NaCl (Cooper) in order to assess oocyst prevalence and load. For each mosquito we measured the wing length from the tip (excluding the fringe) to the distal end of the allula (with a precision of 0.05 mm) as an indication of adult body size. If both wings could be measured, we used the mean of the two lengths. All experimental animals were maintained according to European Union guidelines.
(c) Statistics
To estimate the effects of the mosquito's genotype, the environment and their interaction on the level of resistance, we analysed infection success as a function of line, glucose and their interaction in two steps. First, we analysed the proportion of infected mosquitoes (infection rate) with a nominal logistic analysis. Second, we analysed the number of oocysts (infection load) in infected mosquitoes with an analysis of variance (ANOVA), where we used the square root of the number of oocysts in order to satisfy the assumptions of the statistical tests (in particular, normality of the residuals). In both analyses, the mouse and its interaction with glucose were included as potential confounders. As different lines were fed with each mouse, line was nested within mouse. Mouse and line were considered as random nominal factors, while glucose was considered as a fixed nominal factor. Note that we did not consider glucose concentration as a continuous factor, because we had no a priori expectation of the relationship of the infection to glucose, and, in particular, we did not want to assume a linear relationship.
To evaluate the influence of the environment on the amount of heritable variation for resistance, we estimated the contribution of the isofemale line to the phenotypic variation of resistance for each glucose concentration. To do so, we used a variance component analysis of the number of oocysts in infected mosquitoes (transformed using the square root and corrected for the differences among mice by using the residuals) to calculate the percentage of the variance that was explained by the isofemale line relative to the variance due to random factors. Line was considered as a random nominal factor.
To estimate the effects of mosquito genotype, environment and genotype-by-environment interactions on parasiteinduced mortality, we compared the proportion of mosquitoes that died within 8 days after an infected or an uninfected blood meal with an ANOVA of the arcsine-transformed mortality rate as a function of mosquito line, glucose concentration and infection status of the blood meal. Mosquito line was considered as a random factor, infection status and glucose were considered as fixed factors. We did not include the mouse as a confounder, as initial forward and backward analyses showed that it had no influence on mortality.
In all analyses, we included up to two-ways interactions between factors. All analyses were performed with the software JMP v. 5.0.1.2 (http://www.jmpdiscovery.com).
RESULTS
We assessed the presence and the number of P. yoelii yoelii oocysts by dissecting 10 mosquitoes for each combination of the eight mosquito lines and the three glucose concentrations (i.e. 240 mosquitoes in total). The mean wing lengths in isofemale lines (Gs.e.) varied between 2.71G0.018 and 2.73G0.016 mm, and they did not differ among glucose treatments (one-way ANOVA: F 2,237 Z 0.014, pZ0.986) or between lines (one-way ANOVA: F 7,232 Z0.297, pZ0.954). Overall, 88% of the mosquitoes were infected, and the infection rate did not differ among glucose treatments (c 2 2 Z2.61!10 K4 , pZ0.999) or mosquito lines (c 4 2 Z6.01, pZ0.198). By contrast, the infection rate depended on the mouse used to feed the mosquitoes (c 3 2 Z9.84, pZ0.02). The mean infection rate per mouse ranged from 78.3 to 95% and was not significantly correlated to gametocytaemia (r 2 Z0.272, pZ0.479), which ranged from 0.29 to 0.41% among mice. Among infected mosquitoes, the variation in infection load ranged from 1 to 86 oocysts per midgut (mean: 15.9, median: 12). While neither the mouse used to feed the mosquitoes nor the interaction between mouse and glucose concentration significantly accounted for this variation, differences among lines were substantial (table 1). Averaged across glucose concentrations, the mean infection load ranged from 4 to 26.3 oocysts per line, and the median ranged from 3 to 26 oocysts per line.
In addition to the effect of the isofemale line, the concentration of the glucose solution used to maintain the mosquitoes significantly influenced the infection load (table 1) . While the number of oocysts, averaged across lines, was similar for mosquitoes fed on 2 and 6% glucose (mean: 11.4, median: 7 and mean: 13.3, median: 8, respectively), it was significantly higher in mosquitoes fed on 4% glucose (mean: 22.5, median: 19). This pattern was observed for each isofemale line (figure 1). Although differences between glucose treatments appeared to be slightly smaller for the most resistant lines compared to the least resistant ones (figure 1), the interaction between line and glucose did not have a statistically significant effect on the number of oocysts (table 1) . Moreover, the effect of the line on the number of oocysts (i.e. an estimation of the genetic component of phenotypic variation) was strongest in mosquitoes fed on 4% glucose. When analysed separately for each glucose concentration, the variation of the number of oocysts due to differences between lines was very significant in each case (p!0.001). However, while the line explained 32.3 and 34.9% of the total variance in mosquitoes fed on 2 and 6% glucose solutions, respectively, it explained 47.3% of the variance in mosquitoes fed on 4% glucose. This can be observed graphically, since within-line variances (related to the vertical lines) are similar in all glucose concentrations, while the variation among lines was greatest at 4% glucose (figure 1).
Mortality following an infected or uninfected blood meal was monitored for 25 mosquitoes of each combination of line and glucose treatment (i.e. for 1200 mosquitoes in total). On average, 23% of the mosquitoes fed on an infected mouse died before the eighth day following the blood meal. This mortality was considerably higher than the average mortality during the same period in control mosquitoes of the same lines that fed on a rabbit (7.3%) or an uninfected mouse (7%). The mosquito line influenced the average mortality rate and, in particular, influenced the effect of the infection status of the blood meal on mortality (table 2) . In other words, the rank order of the mortality of a given line depended on whether it had fed on infected or uninfected blood (figure 2). Notably, in infected mosquitoes mortality rates were higher for mosquitoes fed on 2% glucose (33.9%) than for mosquitoes fed on 4% (17.4%) or 6% glucose (17.7%) (figure 2). While this effect of glucose on mortality rates was also observed in uninfected controls (10.3, 5.9 and 5.8% in 2, 4 and 6% treatments, respectively), the interaction between glucose concentration and infection status of the blood meal (table 2) shows that infected mosquitoes suffered more than uninfected ones in conditions with low glucose.
DISCUSSION
We confirmed that the resistance of the mosquito A. stephensi to its malaria parasite P. yoelii yoelii has a genetic basis, and went one step further by suggesting that the genetic component underlying infection load may Genetic and environmental components of infection load. The mean numbers of oocysts in infected mosquitoes and their standard errors are given for eight isofemale lines fed on 2% (white bars), 4% (grey bars) and 6% (black bars) glucose solutions. The lines are ranked along the x-axis according to their mean number of oocysts (averaged across glucose concentrations). The numbers of oocysts have been transformed using the square root and corrected for the mice used to feed the mosquitoes (the residual gives the difference to the average for a given mouse). differ from the genetic component underlying infection rate. Moreover, we showed that the environment can affect the expression of the genetic resistance that determines infection load. Indeed, the mean number of oocysts and, in particular, its genetic variance (relative to the variance due to non-genetic factors) depended on the concentration of the glucose solution used to feed adult mosquitoes. There was no evidence of genotype-by-environment interactions, i.e. the isofemale lines responded to different glucose concentrations in similar ways. It is well established that the resistance of mosquitoes to malaria parasites is partly determined by the mosquito's genes (Collins et al. 1986) , and the identification of these genes is currently carried out with powerful molecular approaches combining genomics and reverse genetics (Vlachou et al. 2005) . Our eight A. stephensi isofemale lines differed in oocyst numbers but not in the proportion of infected mosquitoes, indicating that the genetic basis for being infected differed from the genetic basis for the intensity of infection. Nevertheless, it is remarkable that, in our mosquito colony, we found a strong genetic variation for the resistance that determines infection load despite the lack of direct selection pressure during the 40 years or so since the colony was established. Given that maintaining resistance genes is usually costly (Yan et al. 1997) , one might have predicted that resistance to Plasmodium would have been lost. The fact that this was not the case suggests that the genetic basis underlying resistance to malaria is subjected to other evolutionary constraints, e.g. genetic correlations between different immune responses (Lambrechts et al. 2004) or resistance mechanisms to other pathogens that are more prevalent in a laboratory situation.
In addition to the effect of genes, the environmental factor (glucose concentration) accounted for a substantial variation in infection loads in our experimental design. Thus, mosquitoes fed on 4% glucose produced about twice as many oocysts as mosquitoes fed on 2 or 6% glucose. While the genetic component explained 35.4% of the total phenotypic variance, the environmental factor was responsible for 11.7% of this variation. It should be noted that we considered only three levels of a single environmental factor, and did not take into account others that may impact on mosquito resistance, such as temperature (Thomas & Blanford 2003) or larval nutrition (Suwanchaichinda & Paskewitz 1998) . Thus, a substantial part of the variation in oocyst numbers observed in naturally infected mosquitoes might be due to an environmental component.
Moreover, we found that the expression of heritable variation for the resistance that determines infection load differed according to the quality of the environment. Thus, the effect of the isofemale line on the phenotypic variation in oocyst numbers was about 50% higher in mosquitoes fed on 4% glucose than in mosquitoes fed on 2 or 6% glucose. In other words, genetic differences between lines were differentially expressed according to glucose concentration. This has important evolutionary and epidemiological implications, as the amount of genetic variation for resistance is a critical determinant of the response of hosts to parasite-mediated selection, and thus their adaptive potential (Fisher 1958) . Depending on its relative importance to the genetic component, and its influence on the expression of genetic variance, the environment might thus alter the rate of response of mosquito resistance to selection in nature.
In contrast, the effect of glucose concentration on infection loads was similar among mosquito genotypes, so there was no evidence of genotype-by-environment interactions. Although the scale of variation in infection loads between glucose treatments seemed to be greater for the least resistant lines, and although the ranking of lines differed slightly according to glucose concentration, our analysis suggests that these effects could have been due to random factors. This indicates that a mosquito genotype that is most resistant in a given environment is also expected to be most resistant in other environmental conditions.
One striking aspect of our results was that infection load was highest at the intermediate value of glucose concentration. We speculate that this results from the combination of two distinct processes. On the one hand, the efficacy of the mosquito immune system is expected to increase with the quality of dietary resources, as it has been observed, for example, for the melanization immune response of A. stephensi mosquitoes (Koella & Sorensen 2002) . If the immune mechanisms underlying resistance to malaria react similarly, this would lead to a decline in oocysts numbers with increasing glucose concentration. On the other hand, parasite-induced mortality is likely to be highest at high parasite loads (as suggested by Hogg & Hurd 1995) , and in particular so when the concentration of glucose, an important dietary resource (Clements 1992; Foster 1995) , is lowest. Indeed, mortality was highest for infected mosquitoes fed on the lowest glucose concentration. If, within this group, it is indeed the mosquitoes with the highest infection loads that were most likely to die, the surviving mosquitoes (i.e. those that were assayed for infection) would have harboured, on average, the least intense infections.
In conclusion, our results suggest that environmental variation can greatly reduce the importance of genes in determining the resistance of mosquito to malaria infection, at least for resistance mechanisms that determines infection load. Over the past two decades, numerous studies on the molecular determinants of Plasmodium development in mosquitoes have led to the generation of malaria-resistant transgenic anophelines and proposals of their use as a malaria control measure (Christophides 2005) . Our observations suggest that the true usefulness of such transgenic mosquitoes can only be obtained once the influence of the highly variable environmental factors to which they will be subjected in nature has been investigated.
